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Synthesis, characterization and visible light photocatalytic activity of metal based TiO 2 monoliths for CO 2 
Introduction
The continuous combustion of fossil fuels and depletion of existing resources are intensifying the research and development of alternative future energy options that can directly abate and process ever-increasing carbon dioxide (CO 2 ) emissions. Over the past decade, titanium dioxide (TiO 2 ) has been considered to be a promising material for photocatalysis applications due to its chemical stability, nontoxicity and low cost [1] [2] . Currently, the time-consuming and costly process of separating and regenerating powder TiO 2 catalyst is a key limitation for slurry reactor designs used in industrial applications. Immobilization of TiO 2 on fixed substrates eliminates post treatment separation and minimizes light loss caused by scattering and absorption of the resulting solution and reactor [3] . Selection of appropriate photocatalytic supports that can optimize the interaction between the anchored TiO 2 photocatalyst, reactants and light is crucial for the development of efficient fixed bed reactor designs for CO 2 photoreduction in both liquid and gas phase applications. The use of multichannel monoliths for photocatalysis applications is gaining increased attention over slurry and annular reactors due to its tunable geometry for reactor and catalyst designs and exposed surface area per volume. Monolithic substrates usually made of plastic, metal or ceramic materials have uniform parallel channels upon which thick or thin catalyst films can be deposited on the surface or within the substrate. The dimensions and amount of channels and wall thickness determine the geometric surface area upon which the catalyst is deposited [4] . Applications using monolithic structures for photodegradation of organic compounds [5] [6] [7] and UV light induced photocatalytic CO 2 reduction [8] [9] [10] have been reported. Monoliths are usually pre-coated with an inorganic oxide prior to coating active catalytic material to ensure good bonding between the monolith and catalyst and prevent catalytic material from being embedded within the macroporous structure of the monolith after calcination. Different types of metal oxides and mesoporous materials have been immobilized on TiO 2 coated monolithic materials to improve photocatalytic activity and light absorption [8] [9] [10] [11] . For example, Tahir and Amin [12] prepared montmorillonite (MMT) based TiO 2 monoliths for CO 2 photoreduction with H 2 O under UV irradiation. The addition of MMT into TiO 2 matrix was reported to increase surface area with smaller particle size. The main drawbacks associated with catalyst immobilized on multichannel monolithic substrates include limited accessibility of the catalytic surface to photons and reactants and reduced active sites of catalysts due to insufficient light penetration [13, 14] . In a model developed by Hossain et al. [15] for influx of UV light within a square channel monolith, half of the incoming light flux was reported to be lost due to light shadowing effect at the entrance of the channel of the monolith wall. The UV light flux was also reported to decrease sharply with increasing distance in the monolith channel. A strategy for improving light distribution in monolithic structures was originally proposed by Du et al. [6] , where non coated side-light emitting fibres were evenly distributed in each TiO 2 coated channel to ensure light refracted out of the surface of the fibre could reach the catalyst-reactant interface without attenuation. In recent years, studies on CO 2 reduction using non coated side-light emitting fibres with geometric notches in the core-cladding system were reported to improve photocatalytic activity [3, [8] [9] [10] . Accordingly, the aim of this study is to optimise the visible light photocatalytic activity of TiO 2 using metal oxide nanomaterials immobilized onto monolithic structures threaded with side-light emitting fibres for CO 2 reduction. Transition metal oxides (V-, Cr-and Co) doped TiO 2 were chosen for this study due to their ability to enhance visible light absorption and photodegradation of organic compounds [16] [17] [18] [19] . The coated monolithic structures were further characterized in order to evaluate the influence of these metals on physicochemical properties and photocatalytic activity of TiO 2 .
Experimental

Sol preparation and monolith deposition
SiO 2 layer was deposited on cordierite multichannel honeycomb monolith prior to coating with pure TiO 2 or TiO 2 sol with varying metal concentrations (M-TiO 2 ). This was done to ensure catalyst particles were not ingrained in the macroporous walls of the monolith. Dip-coating method was applied to immobilize SiO 2 sol prepared from a mixture of tetraethyl orthosilicate (Si (OC 2 H 5 ) 4 , Acros Organics), ethanol (C 2 H 5 OH, Acros Organics) and dilute hydrochloric acid (HCl, Fisher Scientific) in volume ratios of 2, 2 and 0.04, respectively; on the outer and inner walls of the monolith substrate After two repeated coating cycles of 30 minutes, the coated monoliths were dried and calcined in a furnace at 973K for 3 hours. SiO 2 -coated monoliths were then subsequently immersed in pure TiO 2 or metal based TiO 2 sol prepared using n-butanol, acetic acid, titanium (IV) butoxide and fixed amount of chromium (III) were chosen arbitrarily and then increasing or decreasing ratios were used based on the photocatalytic activities achieved. TiO 2 /SiO 2 or M-TiO 2 /SiO 2 coated monoliths and resulting sols were dried in a furnace (Carbolite, CWF 1100) under airflow at the rate of 3K/minute to 423K for 3 hours and further calcined to burn off organic compounds and complete crystallization at a heating rate of 5K/minute to 773K for 1 hour. The resulting nanoparticles were pulverized to obtain metal oxide based TiO 2 nanoparticles of varying loading ratios within the range of 0.1 -2.0wt%. Side glowing PMMA optical fibres with geometric notches were cut into the desired length of 6cm and used as light distribution guides within the coated multichannel monolith.
Photocatalyst characterization
The crystalline phase and size of the coated monolith samples were examined via powder X-ray diffraction using a Hiltonbrooks X-ray powder diffractometer with Philips PW 1050 goniometer and nickel filtered Cu Kα radiation operating at 20mA and 40kV. Samples were scanned within the range of 5-65 (2θ) with scan speed of 2 degrees (2θ) per minute and step size of 0.05.
Surface morphology and quantitative analysis were performed using a Quanta 600 model equipped with energy dispersive X-ray (EDX) system and transmission electron microscopy (TEM) on a JEOL 2100F instrument at an acceleration voltage at 200 kV. Pore size distribution of the monoliths were obtained from a mercury (Hg) porosimetry analyser (Micromeritics Autopore IV 9520 V1.05) with Hg pressure in the range of 0.7 -275,790 kPa. Specific surface area measurements were estimated from N 2 adsorption-desorption isotherms at 77K measured using a ChemBET TPR/TPD analyser connected to a linear mass flow controller/gas blender.
Chemisorption measurements were conducted with a ChemBET TPR/TPD by injecting pulses of carbon monoxide (CO) gas over the metal coated monoliths to determine metal dispersion.
The catalysts were degassed in helium (He) gas stream by raising the temperature at the rate of 10 o C/min at 573K for 30mins, after which they were reduced by flowing gas stream of 5%H 2 / 95%N 2 at 673K for 1 hour. The samples were purged and cooled to 323K in He, and pulse titration was performed using CO at that temperature. CO uptake was measured during titration, from which the metal dispersion was calculated. The elemental ratios and chemical states of the metals contained within the samples were quantified by the Varian Vista MPX ICP-OES (inductively coupled plasma optical emission spectroscopy) system and Kratos AXIS ULTRA with a mono-chromated Al kα X-ray source (1486.6eV), respectively. The high resolution scans were charge corrected to the main C 1s peak of 285eV and subsequently quantified to determine the amounts of each element present based on the peak areas, using CASAXPS software with Kratos sensitivity factors. High resolution and wide survey scans were done on each sample.
Spectral fitting was performed using CasaXPS software with a line shape based on a Gaussian/Lorentzian mix of 70:30 (GL30). Ultraviolet-visible diffuse reflectance spectroscopy was conducted on the monolith samples using Varian Cary 300 spectrophotometer within wavelength range of 200-800nm.
Photoreduction of CO 2
The photocatalytic activities of the monolithic structures coated with pure TiO 2 or Cr, V or CoTiO 2 were evaluated for CO 2 photoreduction under visible light irradiation. 100 cells per square inch (cpsi) cordierite honeycomb monoliths (Chauger, Taiwan) with dimensions of 40 mm in diameter and 50 mm in length were used in this study. As shown in Figure 1 , the coated monoliths were threaded with 177 non-coated side light emitting optical fibres to ensure light distribution within the internal channels of the monolith. The reactor was irradiated from the side using a 500W halogen lamp with wavelength distribution within the range of 400-1100nm.
Pressure and temperature were monitored via a pressure gauge and type T thermocouple, respectively. The reactor was first purged with helium (He) gas to check for leakage and changed to ultra-pure CO 2 (Air Products, 99.9995%) gas saturated with water vapour. The flow of CO 2 saturated with water vapour was continuous throughout the reaction. Gas streams extracted from outlet of the gas-phase photoreactor were analysed using a mass spectrometer (MS, Hiden Analytical) equipped with capillary, quadrupole mass analyser (HAL 201-RC) and
Faraday/Secondary electron multiplier (SEM) detectors after 4 hours of visible light irradiation.
Each gas compound was determined by using an assigned unique mass and ionization profile.
The resulting data were displayed in tabular format as ppm. An average of 3 readings was used from 3 experimental runs. Blank reactions were performed with and without the light source, He and CO 2 in the presence and absence of the catalyst to confirm that reactions were due to CO 2 photoreduction. The presence of hydrocarbons was not identified in the aforementioned conditions.
Results and Discussion
Textural properties of coated monoliths
X-ray diffraction patterns of pure TiO 2 and V-, Cr-, and Co-based TiO 2 monoliths are presented in Figure 2 . substitutionally due to the similarity of its tetragonal crystal structure and ionic radius of 0.63 Å with Ti 4+ (0.68 Å) [26] when compared to V 5+ with an ionic radius of 0.59 Å [27] and an orthorhombic or tetragonal pyramidal crystal structure [28] . Furthermore, Gu et al. [26] explained that at lower V doping ratios, the majority of the V 4+ ions remain in the Ti 4+ lattice via substitution due to the thermal stability of Ti-O-V linkages. Pure VO 2 phase was also reported to be formed from the excess V 4+ ions generated from increased metal concentration, while the V 2 O 5 phase was formed from the oxidation of VO 2 clusters during calcination [26] . Vanadium in its metal or oxide phase were not observed here in samples with doping ratios < 2wt% either due to the high dispersion of vanadium species in TiO 2 structure or their small particle size [25, 29] . The crystalline size of pure and coated TiO 2 monolith samples estimated using the Scherer equation are listed in Table 1 Table 1 ). 
ICP-OES and XPS analysis
The total elemental composition of metal TiO 2 coated monoliths were determined by ICP-OES, while the chemical state and surface elemental composition were evaluated by XPS. Table 1 lists the metallic content of the coated monoliths quantified by ICP-OES analysis. As shown in Table 1 , the surface metal contents for the V and Co-TiO 2 monoliths determined by XPS are higher than their total metal contents while the surface metal content of Cr-TiO 2 monoliths is lower than the total Cr content derived from ICP-OES. This implies that a high concentration of metal ions are primarily located on the surface of V and Co-TiO 2 monoliths while a high concentration of Cr dopant probably migrated to the crystal lattice of TiO 2 during calcination. [33] . The XPS spectra of the O 1s region shows that oxygen exists in two forms on the sample surface with binding energies of 530eV and 531.9eV. The main peak appears at 530eV and can be assigned to bulk oxygen bound onto TiO 2 . The other peak at 531.9eV can be attributed to surface oxygen from hydroxyl species on the sample surface [34] . The same phenomenon of peak shift of O 1s to higher binding energies was observed for the metal coated monoliths. Figure 5 shows that the binding energies of the Cr 2p 3/2 and Cr 2p 1/2 core levels at 576.5eV and 586.3eV are characteristic of chromium (III) oxide [30] . For the 2wt% V-TiO 2 coated monolith, two V 2p 1/2 peaks observed at 524.4eV and 525.1eV are characteristic of vanadium (IV) oxide and vanadium (V) oxide, respectively ( Figure 4 ) [35] . The binding energies of V 2p 3/2 at 516.3eV and 517.4eV are also characteristic of vanadium (IV) oxide and vanadium (V) oxide, respectively [28, 30] . These values are consistent with the binding energies of V 2p 3/2 measured for V doped TiO 2 [16] . The presence of V 4+ species in the sol gel derived vanadium doped TiO 2 samples were probably due to the reduction of V 5+ by the decomposition of organics from starting materials [36, 37] . This is supported by the appearance of both V 4+ and V 5+ in the XRD pattern of the 2wt% V-TiO 2 monolith. Detailed analysis of the relative concentrations of V calculated based on the summation of the corresponding peak areas gave a 2p 3 (1.9eV). Visible light absorption has been reported to be due to charge transfer between TiO 2 conduction band and d electrons of the metal dopants [25] . Since the absorption band of V 4+ and V 5+ has been reported to be 770nm and <570nm [28, 37] , the formation of an absorption band between 400-550nm for V-TiO 2 monoliths in this present study suggests the presence of both V 4+ and V 5+ which is also due to charge transfer transition from O 2p to V 3d orbital at TiO 2 conduction band. The incorporation of Cr 3+ ions in the TiO 2 matrix is responsible for the shift towards the visible light region with band gap energies of 2.2eV for 2wt% Cr-TiO 2 monolith.
The tailings observed in the absorption band of Cr-TiO 2 samples have been reported to be assigned to Cr loading creating additional energy levels (Cr 2p level) and oxygen vacancies within the band gap of TiO 2 [31] . Broad absorption band from 540 to 800 nm can be attributed to 4 A 2g → 4 T 2g d-d transition band of Cr 3+ [41] . Band gap energy of the 2wt% Co-TiO 2 monolith is 2.3eV. Broad absorption shoulders formed at 600-800nm for the 2wt%Co-TiO 2 monolith is due to the presence of the charge transfer transition between the d orbital of Co 2p to the conduction band of Co 2+ and this absorption shoulder also increased with higher Co concentration [42] .
Photocatalytic reduction of CO 2
The photocatalytic activities of the monoliths threaded with optical fibres coated with Cr, V and Co-TiO 2 were evaluated for CO 2 photoreduction after 4 hours of visible light irradiation (Fig.   6 ). Trace product formation was observed over pure TiO 2 monolith. Addition of the metal ions improves the photocatalytic activity under visible light irradiation and the metal based TiO 2 monoliths show improved product rates when compared to bare TiO 2 monolith. Visible light photocatalytic activity of the TiO 2 monoliths was influenced by the addition of Cr, V and Co, which is consistent with UV-Vis spectra. As shown in Figure 6 , methane and acetaldehyde formation product rates steadily increase with higher metal concentration to give an optimal ratio of 1wt%Cr-TiO 2, 0.5wt%V-TiO 2 and 1.5wt%Co-TiO 2 within the series tested. The effect of irradiation time on the product formation of 1wt%Cr-TiO 2, 0.5wt%V-TiO 2 and 1.5wt%Co-TiO 2 coated monoliths is also presented in Figure 7 . The product rates of the monoliths coated with 0.1wt% Cr, V and Co-TiO 2 was higher when the monolith threaded with optical fibres was used as a sole support compared to monolithic support without optical fibres. Not all immobilised photocatalyst may be activated when the monolith is used as a lone support due to limited light distribution arising from the catalyst coated on the outer surface absorbing most of the light and light intensity decaying rapidly along the opaque channels of the monolith. The V-TiO 2 monoliths exhibit higher photocatalytic activity for CO 2 reduction with methane and acetaldehyde product rate of 4.87 and 11.13µmol/g cat h in comparison with other metal coated monoliths; while the lowest activity was observed over Cr-TiO 2 monoliths. The lower product rates can be linked to the dispersion of chromium determined by CO chemisorption. The lowest percentage of exposed metal atoms available for reaction was observed by Cr-TiO 2 monoliths while the highest dispersion rates were observed over the V-TiO 2 monoliths. Thus, the enhanced visible light induced activity of the V-TiO 2 monoliths can be attributed to increased visible light absorption, surface area and accessible active metal sites arising from the appropriate metal dispersion and loading amount. However, increased metal concentration resulted in reduced product rates over subsequent higher loading ratios. Rutile formation in 1.5wt%V-, 2wt%V-and 2wt%Cr-TiO 2 monoliths can also be a contributing factor in the decline of product formation as the photocatalytic activity of rutile has been reported to be lower than anatase [43] . It can be seen from Figure 6 that an optimal loading concentration exists for all the metal based monoliths, after which reduced photocatalytic activities were observed. Reduced product rates could be due to the increased level of charge carriers created from the high metal concentration in TiO 2 which limits photocatalytic activity and invariably leads to electron/hole recombination.
Decreased metal dispersion observed in Table 1 with increased metal concentration implies that a large percentage of the metal ions are isolated from the surface such that the probability of the trapped charged carriers being transferred to the surface before recombination is low. These results are consistent with the study by Tian et al. [25] , where vanadium ions above the optimal loading ratio of 1wt% resulted in reduced degradation rates of 2, 4-dichlorophenol (2, 4-DCP).
The decreased degradation rates were attributed to excess V species reducing surface illumination of catalysts and reducing the contact area between TiO 2 and the organic pollutant.
When the loading content of V exceeded 3 wt%, Wang et al. [44] [46] , which indicates that product formation can occur over these monoliths. Valence band edge of Co 2+ nanocrystals has been reported to lie below the oxygen-evolution potential while the conduction-band edge is above the hydrogen evolution potential of -0.41V [42] . Band alignment of Co-TiO 2 coated monoliths with redox potentials for methane and acetaldehyde evolution explains product formation reported in Figure 6 . Results from this study are compared to the study of Liou et al. [10] 
